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Abstract 

Background: Geldanamycin (GA) can be considered a relatively new component with a promising mode of action 
against human malignancies. It specifically targets heat shock protein 90 (Hsp90) and interferes with its function as 
a molecular chaperone. 

Methods: In this study, we have investigated the effects of geldanamycin on the regulation of Hsp90-dependent 
oncogenic signaling pathways directly implicated in cell cycle progression, survival and motility of human urinary 
bladder cancer cells. In order to assess the biological outcome of Hsp90 inhibition on RT4 (grade I) and T24 (grade 
III) human urinary bladder cancer cell lines, we applied MTT assay, FACS analysis, Western blotting, semi-quantitative 
(sq) RT-PCR, electrophoretic mobility shift assay (EMSA), immunofluorescence and scratch-wound assay. 

Results: We have herein demonstrated that, upon geldanamycin treatment, bladder cancer cells are prominently 
arrested in the G1 phase of cell cycle and eventually undergo programmed cell death via combined activation of 
apoptosis and autophagy. Furthermore, geldanamycin administration proved to induce prominent downregulation 
of several Hsp90 protein clients and downstream effectors, such as membrane receptors (IGF-IR and c-Met), protein 
kinases (Akt, IKKa, IKK(3 and Erk1/2) and transcription factors (FOXOs and NF-kB), therefore resulting in the 
impairment of proliferative -oncogenic- signaling and reduction of cell motility. 

Conclusions: In toto, we have evinced the dose-dependent and cell line-specific actions of geldanamycin on cell 
cycle progression, survival and motility of human bladder cancer cells, due to downregulation of critical Hsp90 
clients and subsequent disruption of signaling -oncogenic- integrity. 
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Background 

Heat shock protein 90 (Hsp90) is an abundant intracel- 
lular protein that has emerged as a significant target of 
modern cancer therapeutic protocols. Hsp90 normally 
accounts for -1-2% of the total protein content of the 
cell, while under stress conditions its levels increase up 
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to -4-6% of the whole cytosolic proteomic load [1-3]. 
Hsp90 chaperone activity depends on its transient 
dimerization, which stimulates the essential, intrinsic 
ATPase function. The Hsp90 chaperone complex main- 
tains the correct conformational folding, functional 
integrity and proteolytic turnover of a broad range of 
protein clients that are implicated in various signal 
transduction pathways controlling, among others, cell 
survival and proliferation [2,4]. Moreover, a number of 
oncogenic proteins critically depend on the Hsp90 
molecular chaperone to obtain an active conformation 
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and a functional capacity. Hsp90 upregulation in several 
malignancies and solid tumors unveils a likely "protective" 
role of the chaperone in tumorigenesis, serving as a "bio- 
chemical buffer" [5]. Hsp90 represents an indispensable 
part of a complicated machinery called "chaperosome" 
that allows cancer cells to escape normal regulation and 
function. Hence, cancer initiation, tumor progression and 
its clonal evolution are associated with a requirement for 
increased intracellular levels of Hsp90 [6-8]. Therefore, due 
to cancer cell dependence upon specific -oncogenic- Hsp90 
protein clients, Hsp90 inhibition is thought to negatively 
interfere with critical oncogenic signaling pathways 
involved in the hallmark traits of cancer (i.e. sustaining cell 
proliferation, resisting cell death, and promoting invasion 
and metastasis) [9], demonstrating exciting prospects in the 
future of cancer therapeutics [10]. 

Urinary bladder cancer ranks second in frequency 
among malignancies of the genitourinary tract and is the 
fifth most commonly diagnosed non-cutaneous neoplasm 
of the industrialized world, accounting for more than 4% 
of all types of cancer worldwide [11-13]. A significant 
percentage of bladder cancer patients (-70-80%) initially 
present with highly differentiated, non-invasive papillary 
tumors, whereas the rest (-20-30%) develop an aggressive 
muscle-invasive tumor of low differentiation. Although 
the vast majority of patients are diagnosed with superficial 
tumors, -30% of the initial cases are estimated to recur to 
invasive forms within a time-span of two years. On the 
other hand, more than -50% of the patients with primarily 
invasive tumors develop metastases over a time-period of 
two years, while the five-year survival rate for metastatic 
disease is calculated as low as -5% [14]. Human urothelial 
tumors are known to evolve along two major and inde- 
pendent biological axes, each presenting with diverse and 
discrete genetic alterations controlling tumor initiation 
and progression [15,16]. The complexity of the molecular 
pathways involved in bladder cancer onset, combined 
with the various genetic and epigenetic events that 
occur during tumor progression, are mainly responsible 
for the great heterogeneity of the disease [17,18]. Estab- 
lished systemic chemotherapy regimens -with conventional 
drugs- or bladder irradiation have not presented with 
strong potency against superficial and metastatic 
urothelial carcinomas, while new clinical protocols 
designed for targeted therapy are currently tested as 
second generation treatment-strategy [19]. 

In this context, we have, herein, examined the effects 
of geldanamycin, a prototype member and "parent" 
compound of a group of antibiotics widely known as 
benzoquinone ansamycins (BAs), on human tumori- 
genic urothelium. Geldanamycin proved the first natural 
product carrying Hsp90 inhibitory properties that was 
able to critically interfere with a complex network 
of oncogenic signaling pathways regulating survival, 



proliferation and motility of the two -representative for 
the disease- human urinary bladder cancer cell lines, of 
diverse malignancy grade and p53 genetic content, RT4 
(grade I; wild-type p53) and T24 (grade III; mutant p53). In 
terms of morphology, genetic content, response to stress, 
tumorigenicity and metastatic potential, RT4 and T24 cell 
lines reliably reflect the in vivo cellular environments of low 
and high grade bladder malignancies, respectively, in 
affected human patients. 

Results and discussion 

Geldanamycin inhibits cell cycle progression of human 
urinary bladder cancer cells 

We have studied the effect of 24-hour geldanamycin 
treatment on the progression of the cell cycle of RT4 
and T24 human urinary bladder cancer cells by the use 
of flow cytometry (Figure 1A). RT4 presented with a 
dose-dependent Gl arrest (from 62.5% in the control to 
80.6% at 10 uM), while T24 cells displayed a similar 
pattern of cytostatic effect, with the percentage of Gl- 
trapped cells rising to 85.9% (from 74.2% in the control) 
at the concentration of 1 \iM geldanamycin. T24 cells 
also proved to obtain a mild G2-block (13% in the 
control to 17.2% at the dose of 10 uM). In order to 
mechanistically illuminate the Gl -arrest observed, we 
examined the effect of geldanamycin on several modula- 
tors of the cell cycle, such as Cyclin/Cyclin dependent 
kinase (Cdk) complex proteins (Figure IB) and downstream 
cell progression effectors, such as pRb (retinoblastoma 
protein) and the transcription factor E2F1 (Figure 1C). 
As shown in Figure IB (upper panel; image and graph), 
Cdk4 protein levels follow a cell line-specific response 
to increasing concentrations of geldanamycin, with RT4 
exhibiting a dose-dependent decrease of Cdk4 expres- 
sion levels up to the dose of 0.1 \iM that is followed by a 
subsequent rise of protein levels at the highest concen- 
trations (1 and 10 |iM), therefore disrupting the down- 
regulation pattern. In contrast, the highly malignant 
T24 cells presented with a moderate and dose- 
dependent downregulation profile of Cdk4 levels in 
response to the drug. The study of the expression levels 
of Cyclin Dl mRNA revealed a similar pattern of dose- 
dependent downregulation in both drug-treated cell 
lines (Figure IB {lower panel; image and graph}), likely 
indicating the Cyclin/Cdk complex implication in the 
geldanamycin-induced Gl cell cycle arrest. As shown in 
Figure 1C (image and graphs), the expression levels and 
activity status of the critical cell cycle regulators pRb 
and E2F1 were also analyzed through Western blotting. 
RT4 presented with a slight increase of -total- pRb protein 
levels up to the concentration of 1 \iM geldanamycin, 
whereas T24 cells exhibited a notable reduction of its 
expression (the lower band of 106 kDa) in a dose- 
dependent manner. The differentiated RT4 cells do not 
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Figure 1 Reduction of bladder cancer cell cycle activity in response to geldanamycin. (A) Representative FACS analysis of RT4 and T24 

human urinary bladder cancer cells. Total cell sub-population percentages at each cell cycle phase are shown. FACS experiments were repeated 
three times. (B) Detection of protein (Cdk4) and mRNA expression {Cyclin Dl) levels of the Cyclin/Cdk complex -critical- components responsible 
for the G1— >S transition of cell cycle in RT4 and T24 cells. Left panel: images of protein (top) and RNA transcript (bottom) expression profiles after 
geldanamycin administration. Right panel: protein (top) and RNA transcript (bottom) densitometric quantification bars, denoting the 
drug-induced alterations of Cdk4 and Cyclin Dl expression levels compared to control conditions, using Actin (upper left panel) and GAPDH 
(lower left panel) as protein and gene of reference, respectively. (C) pRb and E2F1 protein expression profiles in response to 24 hours of 
geldanamycin treatment in RT4 and T24 bladder cancer cells. Left panel: images of protein expression profiles after geldanamycin administration. 
Right panel: protein densitometric quantification bars, denoting the drug-induced alterations of pRb (top) and E2F1 (bottom) expression levels 
compared to control conditions, using Actin (left panel) as protein of reference. Western blotting and sqRT-PCR experiments were carried out 
three times, one of which is respectively shown here. Standard deviation values are depicted as error bars on top of each value. 
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carry any (multi-)phosphorylated pRb form(s), while 
malignant T24 cells are characterized by the presence of 
a constitutively (multi-)phosphorylated pRb protein form 
(the upper band of 110 kDa) [20], which follows a dose- 
dependent downregulation in response to geldanamycin 
exposure. Furthermore, E2F1 protein expression levels 
displayed a prominent downregulation in both drug- 
treated cell lines, rendering the transcription factor almost 
undetectable at the higher dose of 10 \iM and therefore 
suggesting its critical implication in the geldanamycin- 
induced Gl -block described here. Hsp90 inhibition is 
known to facilitate cell cycle arrest in all checkpoints of 
the cell cycle, depending on malignancy grade and cellular 
context [21]. In the bladder cancer cell lines examined in 
the present study, geldanamycin administration primarily 
leads to a dose-dependent Gl-checkpoint cell cycle arrest, 
while analysis of expression and activation profiles of sev- 
eral determinants of the cell cycle (Cdk4, pRb, Cyclin Dl 
and E2F1) correlate well with the observed block in cycle 
progression. Furthermore, the geldanamycin-induced 
E2F1 strong downregulation profile demonstrated herein 
is a novel and interesting finding. The molecular mechan- 
ism underlying E2F1 protein downregulation upon Hsp90 
inhibition (i.e. transcriptional suppression, ubiquitination 
and proteasomal degradation, and autophagic cell death) 
is still elusive and remains to be further explored. To con- 
clude, Hsp90 inhibition due to geldanamycin administra- 
tion proved to induce a severe reduction in the expression 
dynamics of several bona fide Hsp90 protein clients 
involved in cell cycle progression (concurring with chaper- 
ones ability to regulate cell cycle [22]), subsequently 
diminishing bladder cancer cell proliferation potential. 

Geldanamycin manifests a cytotoxic effect on human 
bladder cancer cells 

To study the biological effect of geldanamycin on blad- 
der cancer cell survival, we performed MTT assays on 



24 h -treatment 

* * * * * * 

110 n 




RT4 and T24 cells, after their exposure to 0.01, 0.1, 1 
and 10 uM of the drug for 24 and 48 hours. Both cell 
lines exhibited a dose-dependent reduction of cell 
viability, as illustrated in Figure 2. Survival levels at the 
highest concentration of geldanamycin (10 \iM) were 
measured as 71 and 61% for the 24-hour treatment of 
RT4 and T24 cells, respectively. T24 cells presented 
with higher sensitivity to the cytotoxic activity of gelda- 
namycin after 24 hours of treatment, compared to RT4 
cells, therefore revealing the likely targeted capacity of 
the drug on cells with comparatively higher malignancy 
grade. Cell viability showed a stronger decrease for both 
cell lines after 48 (compared to 24) hours of geldanamy- 
cin exposure, as cell survival proved not to exceed the 
62% ratio for differentiated RT4 cells and the 46% one 
for malignant T24 cells at the drug dose of 10 \iM. Cells 
measured alive at 24 hours, albeit already committed to 
apoptosis, appeared to die after 48 hours of drug treat- 
ment. Hence, the percentage of cell survival is signifi- 
cantly reduced in both bladder cancer cell lines, with 
T24 cells being comparatively more vulnerable to 
the cytotoxic potency of gelanamycin. Activation of 
programmed cell death is the prevailing response of 
cells against chemotherapeutic agents. Survival rates 
obtained in this study directly reflect the cytotoxic and 
likely apoptotic (see below) function of geldanamycin- 
induced Hsp90 inhibition in RT4 and T24 cells, follow- 
ing a cell line-specific mode of action. T24 cells proved 
to respond better to the treatment, demonstrating com- 
paratively lower resistance to the drug and therefore 
indicating geldanamycins targeted cytotoxic efficacy 
against highly malignant urothelial cells. 

Geldanamycin induces activation of cell death programs 
in bladder cancer cells 

Geldanamycin-induced reduction of cell survival was 
further investigated through a Western blotting 
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Figure 2 Geldanamycin-induced cytotoxicity. toxicity assays were performed in RT4 and T24 cells after 24- (left) and 48-hour (right) 
treatment with increasing concentrations of geldanamycin. All assays were carried out three times. Standard deviation values are depicted as 
error bars on top of each value, while asterisks denote statistical significance of the observed averaged differences. P < 0.05 . 
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approach and it proved to be strongly associated with 
proteolytic cleavage and activation of critical members 
of the caspase family, as shown in Figure 3. The down- 
regulation profiles of precursor caspase protein expres- 
sion levels, specifically evinced in RT4 cells, together 
with dose-dependent and cell line-specific increase of 
proteolytic cleavage product levels of the two initiator 
caspases (caspase-8 and caspase-9) and the executioner 
caspase-3, clearly demonstrate the ability of geldanamy- 
cin to induce apoptotic cell death via caspase-cascade 
activation in the bladder cancer cell lines examined. 
Apoptotic cell death was further certified by the detec- 
tion of proteolytic processing of the caspase-repertoire 
substrates PARP and Lamin A/C upon administration of 
relatively high concentrations of geldanamycin (1 and 
10 uM). The drug-induced cleaved fragments of PARP 
(89 kDa) and Lamin A/C (28 kDa) are characteristic 
markers of caspase-dependent apoptotic death, thus 
indicating the ability of geldanamycin to drive bladder 
cancer cells to apoptosis. However, it proved that T24 



are more resistant to drug-induced apoptosis than RT4 
cells, as clearly documented by the comparison of the 
obtained proteolytic profiles of the apoptotic regulators 
examined. The inconsistency between cell survival rates 
and caspase repertoire activation in drug-exposed T24 
(compared to RT4) bladder cancer cells led us to 
examine the presumable implication of alternative and 
caspase-independent cell death programs that could 
tightly regulate the strong reduction of cell proliferation 
and survival in the T24 cell line in response to geldana- 
mycin administration. 

Figure 4 illustrates that RT4 and T24 cells can dem- 
onstrate significant levels of lysosomal activity upon 
24-hour geldanamycin treatment, as clearly evinced by 
their incubation with an autophagy-specific cell dye 
(Lysotracker Red) and the suitable application of con- 
focal microscopy technology. Therefore, it seems that 
lysosome-mediated autophagy critically contributes to 
the significant reduction of RT4 and T24 cell survival 
in response to Hsp90 inhibition. Although apoptosis is 
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Figure 3 Caspase-dependent activation of programmed cell death. Expression and proteolytic processing patterns of apoptosis-related 
critical proteins in response to 24 hours of geldanamycin treatment in RT4 and T24 bladder cancer cells. Western blottings of members of the 
caspase signaling cascade (caspase-8, -9 and -3) and the caspase repertoire substrates PARP and Lamin A/C are shown. Actin has been used as 
protein of reference. Data are obtained from three different experimental trials, one of which is presented here. 
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Figure 4 Autophagy-mediated programmed cell death. 

Characteristic images of RT4 and T24 bladder cancer cell activation 
of autophagy in response to 1 uM of geldanamycin treatment (scale 
bars: 10 pirn). Cells were stained with Lysotracker Red that specifically 
recognizes active lysosomes (white arrows), therefore allowing the 
detection of an autophagic cell death program. Images were taken 
under a Nikon EZ-C1 confocal microscope. All cell staining 
experiments were conducted three times, while a representative 
image collection is shown here. 



considered the dominant mechanism of programmed 
cell death upon drug administration [20,23], autophagy 
seems to come into play rather frequently when certain 
type of stress is applied [24,25]. As documented here, 
Hsp90 inhibition proves to awake the internal pro- 
grammed cell death machineries, resulting in the en- 
gagement of distinct death cascades that likely operate 
in a cell line-specific fashion. This mainly occurs due 
to geldanamycin-induced caspase-3 activation, and its 
cognate substrates fragmentation, as well as lysosome- 
orchestrated autophagic cleavage of critical cellular 
proteins or protein complexes. Conclusively, we have 
established the simultaneous activation of apoptosis 
and autophagy that proved to decisively contribute to 
(bladder cancer) cell line-specific cytotoxicity of gelda- 
namycin, unveiling drugs strong efficacy to successfully 
eradicate urothelial cells of high malignancy. 

Hsp90 impairment due to exposure of human urinary 
bladder cancer cells to geldanamycin 

Next, we studied the effect of geldanamycin on the 
structural and functional integrity of its molecular target; 
the Hsp90 chaperone. As shown in Figure 5 (upper 
image and respective graph), RT4 cells display a dose- 
dependent downregulation of Hsp90 protein levels up to 
the concentration of 0.1 uM. This pattern is disrupted 
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Figure 5 Hsp90 harm after exposure of bladder cancer cells to geldanamycin. Western blottings (upper left panel) of critical members of 
the eukaryotic chaperosome (Hsp90 and Hsp70) after 24-hour geldanamycin administration in RT4 and T24 bladder cancer cells. A cell line- 
specific Hsp90 proteolytic processing is observed, as documented by the production of a -65 kDa Hsp90-like protein fragment. Detection of 
Hsp90a and Hsp90P mRNA levels via sqRT-PCR (lower left panel), proving the absence of Hsp90 transcriptional regulation in response to the drug. 
Right panel: protein (top and middle) and RNA transcript (bottom) densitometric quantification bars, denoting the drug-induced alterations of 
Hsp90/Hsp70/a-Tubulin and Hsp90a/Hsp90P expression levels compared to control conditions, using Actin (upper left panel) and GAPDH 
(lower left panel) as protein and gene of reference, respectively. Western blotting and sqRT-PCR experiments were executed three times, with a 
respective characteristic image collection presented here. Standard deviation values are depicted as error bars on top of each value. 
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by a following increase of chaperone s expression levels 
that occurs under the actions of the higher concentra- 
tions (1 and 10 \iM) of the drug. The complete restor- 
ation of total Hsp90 protein levels was accompanied by 
the production of a proteolytically cleaved Hsp90 frag- 
ment (-65 kDa) at the highest drug dose. This pattern 
was not detected in the malignant cell line T24, which 
displayed a mild and dose-dependent downregulation of 
Hsp90 levels in response to geldanamycin treatment. 
This intriguing finding has been reported by our 
research group in a recent study that revealed a cell 
line-specific proteolytic cleavage of Hsp90 as a response 
to 17-AAG, another Hsp90 inhibitor [20]. However, the 
experimental data presented herein indicate for a 
distinct and non-described, so far, inhibitory activity of 
geldanamycin on Hsp90, which is deployed by its ability 
to critically reduce Hsp90 cellular contents upon certain 
stress levels, specifically in an environment of bladder 
cancer cells of low malignancy grade. Specific confor- 
mations of the chaperone have been implicated in the 
sensitivity of cancer cells to Hsp90 inhibitors, compared 
to normal cells that seem to be less susceptible to these 
types of drugs [26]. In accordance, the prototype com- 
pound of the benzoquinone ansamycin group of natural 
antibiotics, geldanamycin, proves to exert strong 
impairment activities on the molecular chaperone 
Hsp90, therefore allowing the therapeutic exploitation 
of its high binding affinity to predominantly cancerous 
chaperone complexes. 

The protein levels of the co-chaperone Hsp70 exhib- 
ited a dose-dependent increase in both drug-treated cell 
lines, while the production of an additional proteolytic- 
ally cleaved product at the -mainly- higher doses of the 
drug (1 and 10 uM for RT4 cells; 0.1, 1 and 10 uM for 
T24 cells) was also observed (Figure 5 {upper image and 
respective graph}). Interestingly, the molecular weight 
of Hsp70 proteolytic fragment was calculated at 
approximately 65 kDa, similar to the one measured for 
Hsp90 cleaved product. Hsp90 and Hsp70 fragmenta- 
tion has been previously reported in response to diverse 
types of stress [20,27] and seems to correlate well with 
Granzyme-B-mediated proteolytic processing of the 
chaperosome. The cell line-specific products of -65 kDa 
could likely act as putative dominant negative com- 
ponents, able to induce a functional amputation of 
each molecular chaperone, respectively. Geldanamycin- 
mediated inhibition of Hsp90 also leads to similar -to 
Hsp90- protein expression profiles of molecules that are 
in direct structural and functional association with the 
molecular chaperone, such as the cytoskeleton compo- 
nent a-tubulin (Figure 5 {upper image and respective 
graph}). In order to mechanistically dissect the intri- 
guing and fluctuation-type pattern of Hsp90 protein 
expression in response to increasing concentrations of 



geldanamycin, we, next, examined the transcriptional 
expression profiles of Hsp90a and Hsp90ft cognate 
genes upon geldanamycin administration. Hsp90 {a and 
ft) mRNA transcript levels proved to remain unaffected 
in both drug-exposed RT4 and T24 cells (Figure 5 
{lower image and respective graphs}), thus excluding 
any type of transcriptional regulation mechanism in the 
geldanamycin-induced impairment of Hsp90 structural 
and functional integrity, in a tumorigenic urothelial 
environment. 

Exposure to geldanamycin leads to disruption of cell 
signaling activity 

Structural and functional inhibition of Hp90 due to 
geldanamycin administration leads to severe downre- 
gulation of critical protein clients of the molecular 
chaperone in human urinary bladder cancer cells, as 
shown in Figure 6A. In response to increasing doses of 
geldanamycin, essential protein components of the 
IGF-IR/Akt/NF-i<B signaling axis displayed prominent 
dose-dependent reduction of their expression levels. 
Total protein levels of IGF-I receptor (IGF-IR) 
presented with significant dose-dependent decrease in 
both bladder cancer cell lines, with T24 cells being 
more vulnerable to the drug. Interestingly, even though 
the phosphorylated IGF-IR form in T24 cells was simi- 
larly downregulated in a dose-dependent manner, RT4 
cells showed no phosphorylation of the receptor, likely 
unmasking their low malignancy grade character 
(Figure 6A {image} and 6B {respective graphs}). A key 
molecule in many signaling pathways and prominent 
member of the Hsp90 clientele is the Akt serine/threo- 
nine kinase. Upon administration of geldanamycin, Akt 
total protein levels presented with a dose-dependent 
and cell line-specific pattern of strong downregulation, 
with RT4 cells exhibiting a more notable decrease, 
resulting in a severe eradication of the Akt kinase at 
the highest drug concentration (10 \iM). T24 cells 
proved to contain a constitutively phosphorylated Akt 
kinase form (on a critical serine residue at position 
473), whose expression levels appeared to follow a 
dose-dependent and strong downregulation in response to 
geldanamycin administration. In contrast, and according 
to their low malignancy grade, RT4 cells did not show 
any basal phosphorylation of the Akt kinase (Figure 6A 
{image} and 6B {respective graphs}). The drug-induced 
severe degradation of Akt protein was further investi- 
gated by immunofluorescence experiments. As shown 
in Figure 6C, Akt (green color) presented with a prom- 
inent reduction of the number of "foci" that reflected 
proteins cellular topology, upon 24-hour drug adminis- 
tration (10 uM) in RT4 and T24 bladder cancer cells. 
Geldanamycin-induced Akt degradation proved to also 
deplete the Hsp90 chaperosome (red color), with a 
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(See figure on previous page.) 

Figure 6 Oncogenic signal transduction downregulation (I). Geldanamycin-induced Hsp90 inhibition results in functional impairment of 
Akt-dependent signaling in human urinary bladder cancer cells. (A) Western blotting experiments reveal drastic downregulation of Akt signaling 
activity, evolving through the IGF-I FVAkt/l KK signal transduction axis, as evidenced by the eradication of both total and constitutively 
phosphorylated protein forms of all examined Hsp90 protein clients (IGF-IR, Akt, IKKa and IKK(3), in RT4 and T24 bladder cancer cell lines. Actin 
was used as protein of reference. All Western blottings were carried out three times, with a representative image collection shown here. 
(B) Protein densitometric quantification bars, denoting the drug-induced expression level alterations of the IGF-IR/Akt/IKK signaling axis 
components, and their respective phosphorylated forms, compared to control conditions, using Actin (A) as protein of reference. Standard 
deviation values are depicted as error bars on top of each value. (C) Immunofluorescence images illustrating the cellular localization of Hsp90 
(red color) and Akt kinase (green color) in RT4 and T24 bladder cancer cells, in the presence or absence of geldanamycin. Upon drug 
administration (10 uM), a pronounced depletion of cytoplasmic Akt protein is detected, in contrast to what is observed under control conditions. 
The bright orange color (white arrows) indicates the cellular areas where Akt and Hsp90 are likely co-localized (associated), in the absence of 
drug conditions. Images were taken under a Nikon EZ-C1 confocal microscope. All immunofluorescence experiments were conducted three 
times, while a characteristic image collection is presented here (scale bars: 10 urn). 



putative physical interaction between Hsp90 and Akt 
proteins being primarily revealed under control condi- 
tions (absence of drug), where the chaperone and its 
kinase client seemed to share common subcellular 
localization, as it was mainly demonstrated by the bright 
orange colored-pattern (white arrows). 

Geldanamycin-induced Akt downregulation was ac- 
companied by degradation of its direct downstream 
targets and bona fide Hsp90 protein clients IKKa and 
IKKp. Both IKK serine/threonine kinases presented 
with a dose-dependent pattern of total protein down- 
regulation in both drug-exposed cell lines, with RT4 
cells exhibiting a more severe reduction of expression 
levels, under the effect of increasing drug concentra- 
tions. Constitutively active IKKa and IKKp kinases 
(phosphorylation on the critical serine residue 180 and 
181, respectively) were detected in both RT4 and T24 
cell lines and proved to follow a moderate dose- 
dependent reduction of signaling capacity in response 
to geldanamycin administration (Figure 6A {image} 
and 6B {respective graphs}). Conclusively, it seems that 
geldanamycin-mediated inhibition of Hsp90 leads to 
multiple structural truncations and functional amputa- 
tions of critical molecules that constitute and modulate 
the IGF-IR/Akt/IKK signaling axis, thus rendering its 
signal transduction power severely compromised. 

In order to further dissect this "pharmaco-signaling" 
pathway, we examined the effect of geldanamycin- 
induced Hsp90 inhibition on the endmost downstream 
target of IGF-IR/Akt/IKK signaling cascade, the NF-kB 
transcription factor. As shown in Figure 7A, geldana- 
mycin forces the relocation of NF-kB from cell nucleus 
to cytoplasm, thus restraining its -constitutive- tran- 
scriptional activity, mainly due to its drug-mediated 
sequestration into the cytoplasm. As evidenced by 
Western blotting, cytoplasmic protein extracts dis- 
played a dose-dependent increase of NF-kB expression 
levels in both drug-treated cell lines, while nuclear 
extracts presented with a complete depletion of the 
transcription factor under the actions of increasing 



doses of the drug, with T24 being relatively more re- 
sistant than RT4 cells (Figure 7 A {image and respective 
graphs}). To reinforce the biological significance of 
geldanamycin-induced NF-kB inactivation observed, 
we performed EMSA assays, using RT4 and T24 
nuclear extracts, and found that the sequestration of 
NF-kB into the cytoplasm was tightly associated with 
its dose-specific inability to recognize and bind onto 
its 5' -biotin labeled oligonucleotide target sequence, 
in response to geldanamycin (Figure 7B). Next, we also 
attempted to rather more directly assess the drug- 
induced damage of NF-kB transcriptional activity, by 
examining the mRNA expression profiles -through 
sqRT-PCR- of several bona fide NF-kB target genes 
(i.e. Surviving cIAP-1, cIAP-2 and XIAP) after exposure 
of RT4 and T24 cells to geldanamycin. As presented in 
Figure 7C (image and respective graphs), all four genes 
displayed cell line-specific and dose-dependent down- 
regulation profiles upon drug exposure, with clAP-2 
showing the strongest effect. The transcriptional 
repression of this group of anti-apoptotic genes 
strongly reflects the severe disruption of critical signal- 
ing pathways due to geldanamycin administration, 
therefore contributing to the anti-neoplastic and anti- 
proliferative capacity of Hsp90 inhibition on bladder 
cancer cells. IGF-IR/Akt/NF-i<B signaling axis dere- 
gulation plays an essential role in cancer cell survival, 
tumor proliferation and migration [20,28,29]. Con- 
clusively, it seems that geldanamycin administration 
drastically compromises intracellular signaling of 
neoplastic urothelial cells due to targeted kinase 
degradation, ultimately resulting in the transcriptional 
repression of several anti-apoptotic genes upon NF-kB 
sequestration into the cytoplasm, as previously sug- 
gested for a "chemoradiotherapy" type of applied stress 
[28]. This multi-combinatorial "attack" of the drug to 
cancer cell signaling and transcriptional networks 
directly reflects the strong therapeutic potential of 
Hsp90 inhibition in human bladder cancer and 
unmasks geldanamycins anti-tumorigenic properties. 



Karkoulis et al. Cancer Cell International 2013, 13:1 1 
http://www.cancerci.eom/content/13/1/1 1 



Page 10 of 16 




Geldanamycin concentration (pM) Geldaram ycin concentration (jjM) 



Geldanamycin (jjM) - 0,01 0.1 1 10 - 0,01 0,1 1 10 




0.1 1 10 c 0.1 1 10 

Geldanamycin concentraionftiM) Geldanamycin concentration (pM) 



Figure 7 NF-kB inactivation after exposure of human bladder cancer cells to geldanamycin. NF-kB transcriptional capacity is diminished 

upon 24-hour geldanamycin administration in RT4 and T24 bladder cancer cells. (A) Upper panel: Western blottings displaying NF-kB protein 

expression levels and compartmentalization responses to drug treatment in both cytoplasmic and nuclear protein extracts of RT4 and T24 cells. 

Protein sample quantification of cytoplasmic and nuclear extracts was evaluated using Actin and Lamin A/C as respective (compartment-specific) 

reference markers, while the absence of detectable NF-kB in nuclear extracts derived from drug-treated cells ensured samples' purity. Lower 

panel: cytoplasmic and nuclear NF-kB densitometric quantification bars, denoting its drug-induced compartmentalization change compared to 

control conditions, using Actin and Lamin A/C as respective proteins of reference. Standard deviation values are depicted as error bars on top of 

each value. Experiments were carried out three times, while characteristic Western blotting results are presented here. (B) Electrophoretic mobility 

shift assay (EMSA) conducted on RT4 and T24 nuclear protein extracts. Binding assays were performed using NF-KB-specific and 5' -biotin labeled, 

double-stranded (annealed), oligonucleotides. EMSA experiments were repeated three times, one of which is shown here. (C) Left panel: 

transcriptional expression profiles of four critical anti-apoptotic NF-kB target genes {Survivin, clAP-1, clAP-2 and XIAP), in response to 24-hour 

geldanamycin administration, in RT4 and T24 bladder cancer cells. Right panel: RNA transcript densitometric quantification bars, denoting the 

drug-induced expression level alterations of the NF-kB target genes examined, compared to control conditions, using GAPDH (left panel) as gene 

of reference. All sqRT-PCR reactions were carried out three times, while a characteristic assembled profiling is presented here. Standard deviation 

values are depicted as error bars on top of each value. 
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In an effort to further assess the combinatorial action 
of Hsp90 inhibition on critical signal transduction 
cascades with known cross-talk functions between each 
other, we studied the effect of geldanamycin-induced 
Hsp90 inhibition on the Akt downstream signaling 
targets FOXO transcription factors and p44/42 MAP 
(Erkl/2) kinases, which are tightly associated with the 
regulation of cell proliferation and survival. As shown in 
Figure 8 (image and respective graphs), in contrast to 
RT4, T24 cells were characterized by constitutively 
phosphorylated FOXOl and FOX03 proteins that 
displayed dose-dependent downregulation profiles in re- 
sponse to geldanamycin. Therefore, a dephosphorylation- 
mediated nuclear sequestration of FOXO factors seems to 
represent a predominant response to the drug that 
results in the following trans-activation of certain apop- 
totic target genes, therefore reinforcing the generation 
of an apoptotic phenotype. Next, we examined the effect 
of geldanamycin-induced Hsp90 inhibition on the MAP 
kinase signaling cascade, through the detection of total 
and phosphorylated protein levels of p44 and p42 
serine/threonine MAP kinases, using the Western 
blotting technology. As evinced in Figure 8 (image and 
respective graph), total protein levels of p44/42 kinases 
in RT4 cells presented with a drug response pattern 



similar to the ones described above for Hsp90, Cdk4 
and a-tubulin proteins. In T24 cells, p44/42 total 
proteins were moderately downregulated in a dose- 
dependent manner in response to geldanamycin. More- 
over, we analyzed the signaling capacity of p44/42 
kinases through detection of the active (phosphorylated 
on the critical residue threonine 202 and tyrosine 204, 
respectively) proteins in the presence or absence of the 
drug. Figure 8 (image and respective graph) reveals that 
both RT4 and T24 cells present with constitutively 
active (phosphorylated) forms of p44/42 proteins, which 
undergo dose-specific inactivation after exposure to 
geldanamycin, with T24 cells being comparatively more 
sensitive to the higher drug doses. MAP kinase signaling 
attenuation and damage likely result in downregulation 
and deactivation of several downstream targets critically 
implicated in cell survival and proliferation, thus ren- 
dering bladder cancer cells susceptible to the cytotoxic 
power of geldanamycin. Functional deregulation of 
FOXO- and p44/42-dependent signaling pathways is 
critical to tumor survival and growth, while their inhib- 
ition is known to contribute to the production of an 
apoptotic phenotype [30] . It seems that geldanamycin in 
human urinary bladder cancer cells causes a strong 
suppression of pivotal tumorigenic signaling networks, 
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Figure 8 Oncogenic signal transduction downregulation (II). Left panel: Western blotting experiments presenting protein expression levels of 
total and constitutively phosphorylated FOXO transcription factors and p44/42 MAP kinases, in RT4 and T24 bladder cancer cells, upon 
geldanamycin administration for 24 hours. Right panel: protein densitometric quantification bars, denoting the drug-induced expression level 
alterations of the FOXO and MAPK family members examined, and their respective phosphorylated forms, compared to control conditions, using 
Actin (left panel) as protein of reference. All experiments were repeated three times, with a typically obtained image collection shown here. 
Standard deviation values are depicted as error bars on top of each value. 
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therefore inducing activation of apoptosis and contrib- 
uting to obliteration of malignant characteristics. 

Geldanamycin administration results in impaired bladder 
cancer cell motility 

Cancer cell motility is one of the "hallmark traits" of the 
neoplastic phenotype and plays an important role in the 
process of tumor cell invasion and tissue infiltration. 
c-Met, also known as the hepatocyte growth factor 
(HGF) receptor, is a key signaling component in tumor 
proliferation, cancer cell motility and invasion [31]. In 
this context, we studied the effect of geldanamycin on 
c-Met signaling and cancer cell motility via Western 
blotting and scratch-wound assay, respectively. As 
shown in Figure 9A (image and respective graphs), con- 
stitutively phosphorylated (on critical tyrosine residues 
at positions 1234 and 1235) and total c-Met protein 
levels were detected only in the aggressive and highly 
malignant T24 cells, and not in the low malignancy 
grade RT4 cells. Both -constitutively- active and total 
c-Met protein contents in T24 cells proved to follow 
dose-dependent downregulation profiles in response 
to geldanamycin administration, thus indicating the 
suppressive effect of Hsp90 inhibition on bladder cancer 
cell motility and invasion dynamics. 

To further confirm the ability of drug-induced sig- 
naling decay to abrogate cancer invasion, we attempted 
to morphologically visualize the confinement of malig- 
nant cell motility through scratch-wound assays. As 
presented in Figure 9B, RT4 and T24 cells failed to 
successfully "heal" a -mechanically- created gap in 
their cell monolayer surface during a 24-hour period of 
geldanamycin (10 uM) exposure, whereas under con- 
trol conditions (absence of the drug) the wound was 
completely "healed" (forming an uninterrupted mono- 
layer) in T24 and weakly "fixed" in RT4 cells on the 
assay surface of Petri dish. The geldanamycin-induced 
c-Met signaling attenuation reported here accords with 
previous observations in different cellular environ- 
ments [32], strongly evidencing the severe damage in 
cell proliferation and motility processes of urinary 
bladder cancer cells growing under the baneful actions 
of this naturally derived and prototype Hsp90 inhibitor, 
the geldanamycin. 

Conclusions 

In this study, we have demonstrated the anti-neoplastic 
properties of the benzoquinone antibiotic geldanamycin 
in human urinary bladder cancer cell lines of different 
malignancy grade. The obtained results proved the 
dose-dependent and prominent elimination of "hall- 
mark traits" of cancer in both RT4 and T24 cells upon 
geldanamycin-induced inhibition of Hsp90 molecular 
chaperone (Figure 10). Drug-mediated downregulation 



of multiple Hsp90 protein clients in bladder cancer cel- 
lular environments resulted in cell cycle arrest, disrup- 
tion of tumorigenic signal transduction integrity, and 
impairment of cell motility and invasion mechanisms, 
whereas cell death programs in the form of apoptosis 
and autophagy were strongly activated in response to 
geldanamycin. Pre-clinical in vivo studies have reported 
side effects of systemic hepato toxicity [33], hence limit- 
ing the "wide-spreading" utilization of the drug in 
human malignancies. However, orthotopic administra- 
tion of -clinically relevant- low doses of geldanamycin 
into the affected bladder could prove an effective thera- 
peutic approach, initially sensitizing tumors to chemor- 
adiotherapy (CRT) protocols, not only by successfully 
deploying a combinatorial "attack" to multiple onco- 
genic pathways involved in "hallmark traits" of cancer, 
but by simultaneously circumventing hepatic toxicity of 
the drug. 

Materials and methods 

Drugs and reagents 

Geldanamycin was obtained from InvivoGen (San 
Diego, California, USA). Antibodies against Hsp90a/|3, 
Hsp70, Cdk4, pRb and E2F1 were supplied by Santa 
Cruz Biotechnology Inc. (California, USA), whereas the 
rest of the polyclonal and monoclonal antibodies used 
herein were purchased from Cell Signaling Technology 
Inc. (Hertfordshire, UK). Enhanced Chemilluminescence 
(ECL) Western blotting detection reagents were obtained 
from GE Healthcare Life Sciences (Buckinghamshire, UK). 
Oligonucleotide primers were synthesized by Operon 
(California, USA). All other chemicals were of analytical 
grade from Sigma- Aldrich (Missouri, USA), Fluka 
(Hannover, Germany) and AppliChem GmbH (Darmstadt, 
Germany). 

Cell lines and culture conditions 

The present study was performed using as a basic 
biological system two human urinary bladder cancer cell 
lines, namely RT4 and T24, both originating from 
urothelial carcinomas. RT4 cells were derived from a 
grade I tumor and obtained from the European Collec- 
tion of Animal Cell Cultures (Salisbury, UK), whereas 
T24 cells were derived from a grade III tumor and 
provided to us as a generous gift from Professor J. R. 
Masters (Prostate Cancer Research Centre, Institute of 
Urology, University College London, London, UK). All 
cell culture media and reagents were supplied by 
Biochrom AG (Berlin, Germany). 

Cell cycle analysis 

Geldanamycin s effect on bladder cancer cell cycle pro- 
gression was analyzed via FACS approach as previously 
described [23]. Cells were stained with propidium iodide 
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Figure 9 Impairment of bladder cancer cell motility and invasion mechanisms. (A) Top panel: total and phosphorylated protein expression 
levels of the hepatocyte growth factor receptor (c-Met), upon 24-hour incubation of RT4 and T24 bladder cancer cells with increasing doses of 
geldanamycin, as shown by Western blotting. Bottom panel: protein densitometric quantification bars, denoting the drug-induced 
downregulation of total and phosphorylated c-Met expression levels, compared to control conditions, using Actin (top panel) as protein of 
reference. All Western blottings were performed three times, with a characteristic image collection presented here. Standard deviation values are 
depicted as error bars on top of each value. (B) Scratch-wound assays were carried out in RT4 and T24 bladder cancer cells under control 
conditions or treatment with 10 uM of geldanamycin for 24 hours. Observations were made under an inverted microscope (Carl Zeiss Axiovert 
25) and pictures were taken at 20x magnification. All assays were repeated three times, while a representative image collection is shown here. 



solution (50 ug/ml) containing 250 ug of DNase-free 
RNase A and subsequently analyzed with a Beckton 
Dickinsons FACScalibur (California, USA) at 542 nm. 
Results were accordingly modified with the Modfit 
software program. 



Cell viability assay 

Cytotoxicity of geldanamycin was monitored by the 
methylthiazole tetrazolium (MTT) assay as previously 
described [23]. Spectrophotometric absorbance was 
measured in an ELISA microtiter plate reader 
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Figure 10 Hsp90 inhibition eliminates the "hallmark traits" of cancer. The data presented here clearly demonstrate that the geldanamycin- 
induced inhibition of Hsp90 results in the combinatorial and multi-step impairment of critical oncogenic pathways likely implicated in the 
"hallmark traits" of bladder cancer initiation and progression. 



(Dynatech MR5000, Dynatech Laboratories, Virginia, 
USA) at 550 nm, using measurement at 630 nm as 
reference. 

Western immunoblotting 

Whole cell protein extracts were prepared and appropri- 
ately resolved under denaturing conditions by SDS-Poly- 
Acrylamide Gel Electrophoresis. Nuclear and cytoplasmic 
protein extracts were obtained with the use of NE-PER 
extraction kit (Pierce, USA), while the subsequent immu- 
nodetection of NF-kB cellular compartmentalization was 
carried out using a suitable primary antibody. Membrane 
blocking, antibody incubation (diluted 1:1000 for all 
primary and 1:2000 for the two secondary antibodies 
used) and immunoreacting protein detection conditions 
were performed as previously described [23]. 

sqRT-PCR analysis 

Total RNA from both control and drug-treated cells 
was extracted as previously described [23]. The respect- 
ive gene names, DNA nucleotide sequences, annealing 
temperatures and number of reiterative PCR cycles 
for the utilized cDNA primers have been previously 
described [20]. Semi-quantitative (sq) PCR protocols of 
high stringency were appropriately applied, in order to 
reliably quantify the geldanamycin-induced differences 
of transcriptional expression profiles of the examined 
genes (Figures IB, 5 and 7C). The produced PCR 
fragments, after the suitable application of sqRT-PCR 
technology, were resolved in 2-3% agarose gels accord- 
ing to standard procedures [20]. 



Electrophoretic Mobility Shift Assay (EMSA) 

Nuclear protein extracts from cells grown in the 
absence or presence of geldanamycin were examined 
for NF-i<B-containing activity under non-denaturating 
conditions in Poly- Acrylamide Gel Electrophoresis. 
Annealed 5' -biotin labelled oligonucleotide probes 
(sense: 5' -AGTTGAGGGGACTTTCCCAGGC-3' and 
antisense: 5' -GCCTGGGAAAGTCCCCTCAACT-3 ) 
were used in order to determine the binding capacity 
of NF-kB nuclear complex on its cognate DNA target 
sequence in EMSA reactions. Assays were carried out 
according to the Light-Shift Chemilluminescent EMSA 
kit instructions (Pierce, USA), whereas immunoreact- 
ing protein detection was performed as previously 
described [20]. Experiments were conducted three 
times. 

In situ autophagy detection 

Lysosomal-mediated programmed cell death was stud- 
ied via the autophagy-specific and cell-reacting dye 
Lysotracker Red (Life Technologies Corporation, USA), 
and subsequently visualized under a Nikon EZ-C1 
confocal microscope (Nikon Instruments Inc., Tokyo, 
Japan). Images were appropriately processed with the 
support of Nikon EZ-C1 software program. Experiments 
were repeated three times. 

Immunofluorescence 

Human urinary bladder cancer cells were seeded on 
poly-L-lysine coated slides (Thermo Fisher Scientific 
Inc., Minnesota, USA) and treated with a geldanamycin 
concentration of 10 \iM for 24 h. Fixation, cell 
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permeabilization and subsequent immunodetection 
were carried out as previously described [20]. Secondary 
antibodies used herein were the DyLight 488 (green) 
and DyLight 633 (red) (Thermo Fischer Scientific Inc., 
Minnesota, USA). Cells were observed under a Nikon 
EZ-C1 confocal microscope (Nikon Instruments Inc., 
Tokyo, Japan). Images taken were appropriately 
processed with the Nikon EZ-C1 software program. 
Immunofluorescence experiments were conducted three 
times. 

Scratch-wound assay 

Human urinary bladder cancer cells (5xl0 5 ) were seeded 
on 100 mm diameter Petri dishes and allowed to grow for 
24 h in the presence or absence of geldanamycin (10 uM). 
Scratch-wound assays were performed as previously 
described [20]. Cell images were taken under a Carl Zeiss 
Axiovert 25 inverted microscope (Thornwood, New York, 
USA), with the use of a Cannon Powershot G9 digital 
camera and a PS -Remote software program. Scratch- 
wound assays were repeated three times. 
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